Access to chromatin for processes such as transcription and DNA repair requires the sliding of nucleosomes along DNA. This process is aided by chromatin-remodeling complexes, such as the multisubunit INO80 chromatin-remodeling complex. Here we present cryo-EM structures of the active core complex of human INO80 at 9.6 Å, with portions at 4.1-Å resolution, and reconstructions of combinations of subunits. Together, these structures reveal the architecture of the INO80 complex, including Ino80 and actin-related proteins, which is assembled around a single RUVBL1 (Tip49a) and RUVBL2 (Tip49b) AAA+ heterohexamer. An unusual spoked-wheel structural domain of the Ino80 subunit is engulfed by this heterohexamer; both, in combination, form the core of the complex. We also identify a cleft in RUVBL1 and RUVBL2, which forms a major interaction site for partner proteins and probably communicates these interactions to its nucleotide-binding sites.
N ucleosome remodeling plays a vital role in almost every transaction involving DNA in eukaryotic cells and can involve covalent modifications, replacement of histones or repositioning of histones on DNA 1 . Complexes that slide nucleosomes are built around an ATP-dependent translocase motor 2 combined with accessory domains or proteins that are involved in recognizing the nucleosome substrate. Some are as simple as a single subunit (for example, Chd1 (ref. 3 )), others contain a few subunits (for example, ISWI 4 ), and some are much larger (> 1 MDa) complexes (for example, RSC 5 and INO80 (ref. 6 )) with multiple subunits, including actin, actinrelated proteins (ARPs) and other subunits of unknown function.
The human and yeast INO80 complexes have been studied using proteins expressed at endogenous levels from their respective original hosts [6] [7] [8] [9] . In addition to the main Ino80 motor, the complex contains a conserved core of proteins together with at least half a dozen species-specific subunits of varying functions 1 . In the human complex, these accessory subunits all interact with the N-terminal region of the Ino80 subunit and are not required for nucleosomesliding activity 9, 10 . A core complex comprising a truncated Ino80 subunit (residues 267-1556), actin, Arp4, Arp5, Arp8, Ies2, Ies6, Tip49a (also known as RUVBL1), and Tip49b (RUVBL2) is fully active and can be made recombinantly in insect cells 10 .
RUVBL1 and RUVBL2 belong to the large AAA+ protein family 11 and are components of several complexes involved in a diverse range of biological functions 11, 12 . However, their precise role in these complexes remains unknown. There are a number of high-and medium-resolution structures of RUVBL1 and RUVBL2 homologs in isolation [13] [14] [15] [16] [17] and low-resolution EM reconstructions of yeast RUVBL1 and RUVBL2 in the context of INO80 or SWR1 (refs 18, 19 ). However, the lack of high-resolution structural information for RUVBL1 and RUVBL2 in the context of larger complexes prevents detailed analysis of their biological function, conformation and interactions with their binding partners.
Here we present the structure of a human INO80 core complex 9,10,20 at 9.6-Å resolution, with portions at 4.1-Å resolution. This core complex was previously shown to have nucleosome-sliding activity comparable to that of the full complex in vitro. The structure contains a single RUVBL1 and RUVBL2 heterohexamer (termed RUVBL1-2 hereafter) with alternating subunits. The complex is conformationally flexible, with arms extending from the RUVBL1-2 ring. Each RUVBL1 and RUVBL2 monomer makes extensive and unique interactions with the Ino80 subunit and other subunits within the INO80 complex. A large insertion within the Ino80 helicase domain forms a spoked-wheel structure that is enclosed entirely within a barrel formed by the RUVBL1-2 hexamer. We also identified a new cleft in RUVBL1 and RUVBL2, which acts as a major Ino80-interaction site and probably communicates partner interactions to the AAA+ domain of RUVBL1-2.
Results
Cryo-EM structures of hINO80 core, SC2 and SC2plus complexes. Previously, a low-resolution EM structure of the yeast INO80 complex has suggested that there are two RUVBL1-2 heterohexamers (a RUVBL1-2 dodecamer) present in the yeast INO80 complex 19 . However, the limited resolution of the reconstruction prevented an accurate assignment of subunits and domains. Here, we obtained structures of several subunit combinations of the human INO80 (hINO80) complex at resolutions ranging from ~12 Å to 4.1 Å, using cryo-EM (Table 1 , Fig. 1 and Supplementary Figs. 1 and 2) .
Similar to the related SWR1 complex 18, 21 , the hINO80 core complex exhibits considerable conformational flexibility. 2D classification highlighted the presence of strong density corresponding to a single RUVBL1-2 hexamer, to which a tail is attached ( Supplementary Fig. 1a ). However, the particle size of the class averages is smaller than that expected for the hINO80 core complex, despite all of the subunits being present after protein purification 10 . We reasoned that either some subunits dissociated or there are conformationally flexible regions relative to the RUVBL1-2 hexamer, and thus the corresponding density was averaged out. Consequently, we further examined the 2D classes carefully ( Supplementary  Fig. 2a ) and identified a small population of particles (~5-10%) with additional density ( Supplementary Fig. 2a ). However, the
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strong signal of the AAA+ ring in cryo-EM images (Supplementary Figs. 1a and 2a) dominated the alignment during subsequent image processing, resulting in the loss of information for conformationally mobile regions that are spatially remote from the ring. To address this issue, we selected particles with clear additional density and performed multiple rounds of rigorous 2D classification to select a population of similar conformation. After multiple rounds of 3D classification and refinement in cryoSPARC 22 , a reconstruction at 9.6 Å was obtained from ~11,000 particles (Fig. 1a ). The reconstruction contains two distinct components: a strong hexameric feature comprising approximately two-thirds of the molecular mass and a smaller part that is tethered to the larger part via a region of thin connecting density. This finding is in good agreement with the distribution of mass within the hINO80 core complex 10 . We refer to this structure as the hINO80 core complex hereafter.
The whole dataset (~300,000 particles) was processed in RELION 23 through multiple rounds of 3D classification and refinement. The final structure ( Fig. 1b ) is based on ~100,000 particles and has an overall resolution of 4.1 Å (Table 1 and Supplementary  Fig. 1 ). A clear, single hexameric ring is evident with additional density below and on the side of the ring (Fig. 1b ). This high-resolution reconstruction resembles the upper half of the lower-resolution hINO80 core reconstruction, confirming our hypothesis that the additional component of the complex is either dissociated or flexible and is thus averaged out during image processing. For clarity, we subsequently refer to the 4.1-Å resolution reconstruction as the high-resolution hINO80 core subcomplex.
Subunit assignments.
We used structures of two other hINO80 subcomplexes containing the RUVBL1-2 hexamer to determine the location of subunits within these reconstructions. A C-terminal region (residues 521-1556) of the hIno80 subunit forms a stable complex with RUVBL1-2, Arp5 and Ies6 (refs 9,10 ), whereas the helicase-SANT-associated (HSA) module (residues 273-404) recruits Arp8, actin and Arp4 (subcomplex 1, SC1) 9 . These interactions are the same in yeast INO80 (refs 24, 25 ). We obtained reconstructions containing a C-terminal fragment of Ino80 (residues 487-1556) in complex with RUVBL1-2, which we termed subcomplex 2 (SC2), and SC2 together with Arp5-Ies6 and Ies2, which we termed SC2plus ( Supplementary Fig. 2 ; representation of the Ino80 domain organization in Fig. 2a ). Despite the limited resolution of these two reconstructions (11.5 Å and 8.4 Å for SC2 and SC2plus, respectively; Supplementary Fig. 2 ), they remain consistent with the presence of a single RUVBL1-2 heterohexamer, with additional density to account for the other coexpressed subunit or subunits ( Fig. 1 and Supplementary Fig. 2 ). A comparison of the SC2 and SC2plus structures shows that the main difference between the two is the presence of the tail density in SC2plus. Arp5 and Ies6 are known to form a stable heterodimer 10, 26, 27 , and the size of the tail suggests that it can accommodate Arp5-Ies6 but is too large for Ies2 alone. We thus assigned the tail to be Arp5-Ies6, which is confirmed by the highresolution INO80 core subcomplex (see below). In the hINO80 core complex structure, there is an additional density that is not present in SC2 or SC2plus. We therefore assigned this part as SC1 ( Fig. 2b ). Biochemical and genetic data show that when Arp8 is deleted, both actin and Arp4 are lost, whereas when actin is deleted, Arp4 can no longer be recruited 10, 24 . This finding suggests an assembly order of Arp8 followed by actin and then Arp4. Indeed, we fit the actin-Arp4-HSA crystal structure from the related yeast SWR1 system 28 into one end of the density, leaving the remaining density for Arp8, although we cannot rule out other alternative arrangements ( Fig. 2 ). We have previously determined a crystal structure of the C-terminal actin-related portion of yeast Arp8, which is equivalent to the shorter human Arp8 protein 29 , and we fit an Arp8 monomer into the density (Fig. 2b ).
Model building in the high-resolution
Ino80 core subcomplex structure. With the assignment of Arp5-Ies6 and SC1, there were additional regions of density below and on the side of the RUVBL1-2 hexameric ring in all of the reconstructions that could account for Ino80 and/or Ies2 (Figs. 1 and 2). To obtain the exact locations and interactions of the Ino80 subunit, we built a number of structural models with variable degrees of detail into the hINO80 reconstructions (Figs. 2 and 3). RUVBL1 and RUVBL2 consist of three domains ( Fig. 3a ). DI and DIII form the AAA+ domain, and DII, an insertion into the AAA+ domain, consists of an α -helical region, a long and flexible β -stalk and an oligonucleotide-and oligosaccharide-binding (OB) fold. Density was observed for DI and DIII as well as for most of DII, with secondary structure elements and some side chains clearly resolved ( Fig. 3 and Supplementary  Fig. 1c ). RUVBL1 has a longer insertion in the DII helical bundle (Supplementary Note), and we used this feature, along with side chain densities, to clearly distinguish RUVBL1 from RUVBL2. We used the crystal structures of human RUVBL1 and RUVBL2 (PDB 2C9O and PDB 2XSZ) as well as homology models generated from the Chaetomium thermophilum (ct) RUVBL1-2 heterohexamer (PDB 4WW4) to guide our model building 13, 16, 17 and performed a round of refinement against the high-resolution map ( Table 1) . Although the DII domains adopt a variety of conformations in crystal structures, in our structure they all extend downward (Fig. 3b ).
Density below the AAA+ ring extends downward ~60 Å, with an elongated tail to the side (Fig. 3b ). The resolution for this part of the structure is lower (5-7 Å, Supplementary Fig. 1b ), probably reflecting its flexible nature. By removing density corresponding to the built model of RUVBL1-2, we generated a difference map that comprises a flat disk sitting under the RUVBL1-2 AAA+ domain with additional density extending downward ( Fig. 3c ). This density accounts for Arp5-Ies6, Ino80 and Ies2.
The reconstructions of SC2 and SC2plus suggest that the tail density corresponds to the Arp5-Ies6 heterodimer ( Fig. 1c,d ). In agreement with this assignment, we placed the coordinates for an actin fold into this region of the hINO80 core subcomplex reconstruction ( Fig. 3d and Supplementary Fig. 3 ). There is additional density between the Arp5 and the OB folds of the adjacent RUVBL1 and RUVBL2 ( Fig. 3d ). Cross-linking MS has shown that Ies6 can be cross-linked to both Arp5 and the OB fold of both RUVBL1 and RUVBL2, but there are no observed cross-links between Arp5 and the complex other than to Ies6 (ref. 19 ). It is therefore likely that this extra density region corresponds to Ies6 and/or the regions of Arp5 that are additional to the actin core. However, in the absence of high-resolution structural information, we cannot rule out alternative arrangements.
The extra density inside the RUVBL1-2 barrel, as well as that connected to it ( Fig. 3c ), thus corresponds to the Ino80 and Ies2 subunits. In Ino80, there is a large insertion within the helicase domain (Ino80-I), which is known to interact with the RUVBL1-2 proteins 9,30 ( Fig. 2a ). Aside from the helicase and HSA domains of Ino80, there is no structural information available for other regions of Ino80, although secondary structure predictions 31 suggest that Ino80-I bears some α -helices flanked by largely loop and coil regions. We reasoned that the flat, wheel-like density encapsulated by the RUVBL1-2 barrel (Fig. 3c ) corresponds to Ino80-I for the following reasons: (i) biochemical data show that this insertion region contains the main interaction sites for RUVBL1-2 (ref. 30 ), (ii) the Ino80 helicase domains bind to nucleosomes, so they must be positioned on the periphery of the complex, and (iii) the Ino80 C-terminal domain (Ino80-C) and Ies2 can be deleted without affecting the assembly of the complex 9, 20 . This assignment is also consistent with a recent low-resolution EM study of a complex between the yeast Ino80-I domain bound to a RUVBL1-2 complex 32 . The Ino80-I domain resembles a spoked wheel, with density that follows the inner contour of the RUVBL1-2 β -stalks and spokes linking different regions across the circle (Figs. 3c and 4a). Owing to the relatively low resolution (~4.1-4.5 Å) and lack of reliable structural models, we only placed a few α -helices into some of the density. Nevertheless, the RUVBL1-2 clearly engulfs the Ino80-I domain, explaining the absolute requirement of RUVBL1-2 for the expression of the INO80 complex 10 . The spoked-wheel structure of Ino80-I suggests that it has a relatively rigid architecture once formed, which could restrain the conformation of the RUVBL1-2 DII domains that wrap around the wheel (Fig. 3c) .
Having established the likely locations of SC1, RUVBL1-2, Ino80-I and Arp5-Ies6 in the reconstruction, the remaining unassigned density regions in the hINO80 core complex and the subcomplexes must contain Ino80-H, Ino80-C and Ies2 (Fig. 4b) . After subtracting the density corresponding to RUVBL1-2 from the high-resolution hINO80 core subcomplex reconstruction, there were two regions of density connected to Ino80-I. Because Ino80-I is an insertion into the C-terminal RecA fold of the Ino80-H domain (referred to as Ino80-HC, with the N-terminal RecA fold as Ino80-HN), we reasoned that one of these regions of density is Ino80-HC ( Fig. 4c ). One of these density regions is also present in the difference map between SC2 and SC2plus, suggesting that this region is Ies2 (Fig. 4c, mesh) . This assignment left the density on the side of the RUVBL1-2 ring to be Ino80-HC (Fig. 4c) . These density regions are also present in the hINO80 core complex, which has additional density just below the RUVBL1-2 ring and above SC1 (Fig. 4d ). We suggest that in this reconstruction, Ino80-HN probably resides in this region, owing to its proximity to SC1. In the Chd1, Snf2 and ISWI structures [33] [34] [35] , as for those of other SF2 helicases and translocases 2 , the two RecA-like folds of the motor domain have considerable conformational flexibility and crystallize with highly variable relative orientations, suggesting that these folds could be one source of the conformational flexibility observed in the INO80 core complex structure. It is possible that the flexibility of Ino80-HN relative to that of Ino80-HC contributes to the lack of SC1 density in the high-resolution reconstruction. Whereas the Ino80-HN is in a position that leads to SC1 being conformationally constrained in the hINO80 core complex structure captured here, the majority of proteins have Ino80-HN in different orientations. Cross-linking studies suggest that, in addition to the OB folds of RUVBL1-2, Ies2 is close to both Ino80 RecA domains as well as the HSA domain, which forms part of SC1 (ref. 19 ). The Ies2 position deduced from the difference map between SC2plus and SC2 ( Fig. 4c,d ) spans all of the components in the hINO80 core complex and is also in agreement with the cross-linking data. However, in the absence of high-resolution structural information, there remains ambiguity in the exact locations of some subunits.
Structure of the RUVBL1-2 ring and its interaction with Ino80-I.
The best-resolved regions within each reconstruction correspond to the RUVBL1 and RUVBL2 proteins and reveals, for the first time, high-resolution structural information of RUVBL1-2 interacting asymmetrically with multiple binding partners in the context of a multisubunit complex. A side view of the RUVBL1-2 heterohexamer broadly shows three layers. The top layer consists of the AAA+ ring formed by DI and DIII (Figs. 3a and 5a layer is formed by the OB folds (Fig. 5a ). The top layer has very little space around the hexamer axis (Fig. 5b,c) , whereas the β -stalk and the OB folds form a barrel, enclosing a large cavity. The AAA+ ring, rather than showing three-fold symmetry, instead has pseudo six-fold symmetry despite being a RUVBL1 and RUVBL2 heterohexamer ( Fig. 5b ), but the symmetry breaks down below the AAA+ ring ( Figs. 4d and 5c ). Most strikingly, although all six OB domains stretch downward, they are positioned differently relative to the main AAA+ domain. Despite the absence of added nucleotide during sample purification and preparation, we observed ADP bound in all RUVBL1-2 protomers ( Supplementary Fig. 4 ). Interestingly, despite this observation, the individual subunits (in particular, the RUVBL2 subunits) have different conformations when superimposed on their P loops, thus demonstrating conformational plasticity ( Supplementary Fig. 5 ). RUVBL1-2 and Ino80 together with other subunits form an intricate network of interactions. Indeed, RUVBL1-2 interacts extensively with the Ino80-I domain, Ino80-HC and other subunits via a wide range of structural features, including the DII helical bundle and the β -stalk, as well as the OB domains ( Fig. 6 ). All protomers interact with Ino80-I through the DII helical bundle and the β -stalk. Nevertheless, each RUVBL1-2 monomer has distinct partners and interactions, giving rise to a globally asymmetric structure ( Fig. 6a ). Protomers A (RUVBL1) and B (RUVBL2) interact with Ino80-I through the DII helical bundle and β -stalk, as well as with Arp5-Ies6 through the OB domains (Fig. 6b ). Protomers C (RUVBL1) and D (RUVBL2) interact similarly with Ino80-I using the DII helical bundle and β -stalk, but the OB fold of protomer D also interacts with Ies2 ( Fig. 6c ). Protomer E (RUVBL1) interacts with Ino80-I through a combination of its DII helical bundle, the β -stalk and the OB fold, but it also forms an important anchor point for Ies2 (Fig. 6c ). Protomer F (RUVBL2) binds in a groove formed by the Ino80-I domain (Fig. 6d ). RUVBL1-2 therefore acts as a hub, engulfing the Ino80-I domain as well as interacting with several other Ino80 domains and other subunits.
A new partner-binding site in RUVBL1-2. In order to understand how the differences between RUVBL1-2 protomers relate to partner binding, we compared the interactions of Ino80 with individual RUVBL1 and RUVBL2 protomers. We noted that the DII α -helical bundle and the β -stalk in each subunit form a cleft to which Ino80-I binds (Fig. 7a) . The cleft is largely hydrophobic at the center and is structurally flexible ( Fig. 7b and Supplementary Fig. 6 ). Furthermore, the surrounding regions are more positively charged in RUVBL1 (Fig. 7b,c and Supplementary Fig. 6a -c) but more negatively charged in RUVBL2 ( Supplementary Fig. 6d-f) , thereby enabling the binding site to accommodate a wide range of structural and sequence features. It is noteworthy that these partner-binding sites are occluded when hexamers associate to form dodecamers, as observed in the crystal structures (see Discussion). a group of remodeling complexes that includes the SWR1 histoneexchange complex, with which INO80 shares many subunits, including actin, Arp4, RUVBL1 and RUVBL2 (ref. 1 ). Low-resolution EM structures together with biochemical data 18, 21, 27 confirm that the SWR1 complex contains a single heterohexamer of RUVBL1-2. Both structures also reveal that the RUVBL1-2 proteins themselves adopt an extended conformation in the complex, with considerable conformational flexibility of domains that extend from the AAA+ ring, in agreement with what we observe for hINO80.
Discussion
Based on a low-resolution cryo-EM structure of a glutaraldehyde cross-linked yeast INO80 complex 19 , it was suggested that INO80 contains a dodecamer of RUVBL1-2 proteins. However, biochemical data have shown that, as in SWR1, there is a single heterohexamer in both the yeast 18, 27 and the human 10 INO80 complexes. Although the overall shape of the low-resolution yeast structure 19 does bear a superficial resemblance to our higher-resolution reconstructions insofar as having a globular 'head' with an extended tail region, the similarity is limited to this topology. The subunit assignments differ significantly between the two structures, stemming from the interpretation of the head as containing a RUVBL1-2 dodecamer; therefore, density corresponding to a large part of the structure is incorrectly assigned as a second RUVBL1-2 hexamer (equivalent to approximately 25% of the mass of the structure). Consequently, the remaining subunit locations are misplaced. Although a model was created that appeared to be consistent with chemical cross-linking and MS analysis, we note that the model we present is also consistent with their cross-linking data 19 .
Comparisons with other RUVBL1-2 structures. There are a number of crystal structures of RUVBL1-2 homo or heterohexamers 13, 14, 16 . These structures show strict six-fold (homohexamer) or three-fold (heterohexamer) symmetry. In ctRUVBL1-2 crystal structures, irrespective of whether nucleotide is bound, all of the ctRUVBL1 DII domains are in an extended conformation, whereas the ctRUVBL2 DII are in a compact conformation, in stark contrast to what we observed for the RUVBL1-2 heterohexamer in the context of the INO80 core complex, in which the DII are all in extended conformations, and all monomers differ, even in the AAA+ domains, despite having ADP bound ( Supplementary Figs. 4  and 5 and Supplementary Table 1 ).
Comparing the ctRUVBL1-2 crystal structures with the RUVBL1-2 structures in our INO80 complex reveals that the binding cleft in DII is in a more closed conformation in ctRUVBL2 ( Supplementary Fig. 7a ). This finding coincides with the compact conformation of the OB domain, which would occupy the same space as Ino80-I ( Supplementary Fig. 7b ). The cleft in ctRUVBL1 is similar to that of hRUVBL1, and the OB domain is in an extended conformation ( Supplementary Fig. 7c ). Interestingly, even though there is no partner bound in these structures, the N terminus of ctRUVBL1 tucks into the cleft, which mimics partner binding and results in opening of the cleft ( Supplementary Fig. 7d ). These crystal structures together with the hRUVBL1-2 structures presented here suggest that the binding cleft and the OB domains synergistically affect the conformations of one another. Indeed, in the ctRUVBL1-2 crystal structures, the OB domains from adjacent hexamers interact with and stabilize one another in a tail-to-tail fashion through crystal packing (the extended ctRUVBL1 OB fold from one hexamer interacts with the compact ctRUVBL2 OB fold from another hexamer), thereby limiting the conformational flexibility of the DII cleft and the AAA+ domain, explaining the high similarity of these structures irrespective of whether ADP or ATP is bound.
Comparisons with other AAA+ proteins. The large AAA+ family mainly comprises homohexamers that show an asymmetric arrangement of protomers within the hexamer upon binding a substrate [36] [37] [38] [39] [40] . A number of AAA+ proteins (for example, VAT unfoldase, Vsp4, MCM and 19 S proteasome) have been shown to translocate substrates through the central pore formed by the ring. A sequential mechanism, involving a helical arrangement of central pore loops, has been proposed for these AAA+ proteins [36] [37] [38] . To date, there is no detailed structural information on a heterohexamer with substrate bound. Here, we do not observe a helical arrangement of RUVBL1-2 heterodimers. Importantly, our structure shows that the central pore is very narrow and is therefore unable to accommodate partner proteins or translocate substrates through it. Instead, all of the interactions are below the DII helical bundle, in or around the β -barrel or with the OB domains.
Previously, RUVBL1 and RUVBL2 have been assigned to a AAA+ subgroup containing substrate translocases and proteases such as ClpX and Lon 11 , which are thought to translocate their Fig. 3a) . Inset shows the detailed binding cleft involving the RUVBL1-2 DII helical bundle and β -stalk. b, Surface potential of the binding cleft containing a hydrophobic core surrounded by charged residues. Blue, positively charged; red, negatively charged; white, hydrophobic residues.
substrates through the central pore of the ring 41 . However, the position of the DII domain relative to the AAA+ domain places it more appropriately in the same subgroup as those of bacterial enhancerbinding proteins NtrC and PspF, which have an insertion (L1 loop) into the AAA+ domain at a similar location as those of DII (refs [42] [43] [44] ). Indeed, for this family of AAA+ proteins, this insertion has been shown to interact with substrate 42, 44, 45 , and there is no evidence to support the translocation of substrate through the central pore.
Nucleotide states have been shown to control the conformation of the insertions and vice versa 43, 46 . It is therefore possible that changes in nucleotide-binding sites in RUVBL1-2 could induce changes in the DII partner-binding cleft, which could subsequently act on the Ino80-I spoked-wheel structure that is covalently connected to the Ino80 ATPase domain. 
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